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ABSTRACT
The requirements of ANSI/ANS 8.1 specify that calculational methods for away-from-reactor criticality safety analyses be validated against experimental measurements. If credit is to be taken for the reduced reactivity of burned or spent fuel relative to its original $fresh# composition, it is necessary to benchmark computational methods used in determining such reactivity worth against spent fuel reactivity measurements. This report summarizes a portion of the ongoing effort to benchmark away-from-reactor criticality analysis methods using critical configurations from commercial pressurized-water reactors (PWR).
The analysis methodology utilized for all calculations in this report is based on the modules and data associated with the SCALE-4 code system. Isotopic densities for spent fuel assemblies in the core were calculated using the SAS2H analytical sequence in SCALE-4. The sources of data and the procedures for deriving SAS2H input parameters are described in detail. The SNIKR code sequence was used to extract the necessary isotopic densities from SAS2H results and to provide the data in the format required for SCALE-4 criticality analysis modules. The CSASN analytical sequence in SCALE-4 was used to perform resonance processing of cross sections. The KENO V.a module of SCALE-4 was used to calculate the effective multiplication factor (k ) for the critical eff configuration. The SCALE-4 27-group burnup library containing ENDF/B-IV (actinides) and ENDF/B-V (fission products) data was used for analysis of each critical configuration.
Each of the five volumes comprising this report provides an overview of the methodology applied. Subsequent volumes also describe in detail the approach taken in performing criticality calculations for these PWR configurations: Volume 2 describes criticality calculations for the Tennessee Valley Authority's Sequoyah Unit 2 reactor for Cycle 3; Volume 3 documents the analysis of Virginia Power's Surry Unit 1 reactor for the Cycle 2 core; Volume 4 documents the calculations performed based on GPU Nuclear Corporation's Three Mile Island Unit 1 Cycle 5 core; and, lastly, Volume 5 describes the analysis of Virginia Power's North Anna Unit 1 Cycle 5 core. Each of the reactor-specific volumes provides the details of calculations performed to determine the effective multiplication factor for each reactor core for one or more critical configurations using the SCALE-4 system; these results are summarized in this volume. Differences between the core designs and their possible impact on the criticality calculations are also discussed. Finally, results are presented for additional analyses performed to verify that solutions were sufficiently converged. All calculations show the ability to predict a k value very close to 1.0 for various conditions and cooling times. eff Thus, the methodology applied is shown to be a valid approach for calculating the value of k for eff systems with spent PWR fuel. viii
INTRODUCTION
In the past, criticality analysis of pressurized-water-reactor (PWR) fuel in storage or transport has assumed that the fuel is fresh with the maximum allowable initial enrichment. This assumption has led to the design of widely spaced and/or highly poisoned storage and transport arrays. If credit is assumed for fuel burnup, more compact and economical arrays can be designed. Such reliance on the reduced reactivity of spent fuel for criticality control is referred to as $burnup credit.# If burnup credit is applied in the design of a cask for use in the transport of spent light-water-reactor (LWR) fuel to a repository, a significant reduction both in the cost of transport and in the risk to the public can be realized. These benefits caused the U.S. Department of Energy (DOE) to initiate a program 1 to investigate the technical issues associated with burnup credit in spent fuel cask design. These efforts have been led by Sandia National Laboratories (SNL) and carried out as part of the Cask Systems Development Program within the Office of Civilian Radioactive Waste Management. This five-volume report documents work performed at Oak Ridge National Laboratory (ORNL) as part of a larger effort to demonstrate an acceptable approach for validating computational tools to be used in burnup credit cask design.
The computational tools of interest for burnup credit cask design are initially those currently used and accepted for spent fuel characterization (prediction of isotopics) and criticality safety (prediction of the effective multiplication factor, k ) in away-from-reactor (AFR) applications. The eff criticality analysis tools accepted for fresh fuel cask design have typically been validated per the requirements of the ANSI/ANS-8.1 criticality safety standard (i.e., comparison against experimental 2 data). Numerous critical experiments for fresh PWR-type fuel in storage and transport configurations exist and can be used as part of a validation data base. However, there are no critical experiments with burned PWR-type fuel in storage and transport configurations that can be directly used to extend the data base to the realm of burned fuel. Thus, as part of the effort to extend the validation of existing criticality analysis tools to the domain of burned fuel, it was decided to investigate the performance of AFR analysis methods in the prediction of measured reactor critical configurations. While elements of a reactor critical analysis do not directly correspond to analyses of spent fuel assemblies in transportation and storage casks (e.g., elevated temperatures in reactor configurations or poison plates in cask designs), comparison against measured critical configurations can be used to validate aspects of spent fuel cask configurations which are not addressed in other experiments (i.e., fission-product interactions and the prediction of time-dependent actinide and fission-product inventories). Reactor critical configurations contain a diverse range of nuclides, including fissile and fertile actinides, fission products, and activation products. Thus, nuclear reactor core criticals can be used to test the ability of an analysis methodology to generate accurate burned fuel isotopics and handle the reactivity effects of complex heterogeneous systems containing burned fuel.
This report describes the data and procedures used to predict the multiplication factor for several measured critical core configurations using a select set of AFR analysis codes. The analyses were performed for precise state points at beginning of cycle (BOC) (mixture of fresh and burned fuel) and at measured state points throughout the cycle depletion (all burned fuel). Self-consistency among the reactor criticals in the prediction of k will allow the determination of the bias of the eff approach taken in representing the effect of those materials not present in fresh fuel. 2 To date, the SCALE code system developed at ORNL has been the primary computational 3 tool used by DOE to investigate technical issues related to burnup credit. SCALE is a well- 4 established code system that has been widely used in AFR applications for spent fuel characterization via the SAS2H/ORIGEN-S analysis sequence and criticality safety analyses via the CSAS/KENO V.a 5 analysis sequence. The isotopic composition of the spent fuel is derived from a SAS2H/ORIGEN-S 6 calculation that simulates two-dimensional (2-D) effects in a one-dimensional (1-D) model of an LWR fuel assembly. The depletion model is a spatially independent point model using cross sections and neutron flux parameters derived from the 1-D fuel assembly model. The KENO V.a Monte Carlo code is used to calculate the neutron multiplication factor for complex multidimensional systems. 7 KENO V.a has a large degree of flexibility in its geometrical modeling capabilities that enables spent fuel arrays and container geometries to be modeled in explicit detail. The SCALE-4 27-group burnup library containing ENDF/B-IV (actinides) and ENDF/B-V (fission products) data was used for all calculations.
Early efforts to analyze reactor criticals using the SCALE modules concentrated on using 8 utility-generated isotopic data, although some analyses were performed using isotopics calculated with SAS2H. Based on this initial work, a consistent SCALE-based analysis methodology that simplifies both the data requirements and the calculational procedure was developed. The criteria used to select the reactor critical configurations were (1) applicability to the PWR fuel to be used in burnup credit cask design (e.g., long downtimes for decay of short-lived isotopes, large percentages of burned fuel in the configuration), the need to verify consistency in calculated results for different reactor conditions, and the need to provide a comparison with the results of ref. 8 . Acceptable performance of the SCALE system in the prediction of k will be judged relative to established eff SCALE performance for fresh fuel systems; if agreement is seen within the range typical for fresh fuel systems, then it will be concluded that the methodology described herein is valid in terms of its treatment of depletion and decay calculations and fission-product interactions, within the range of application defined by the reactor conditions. The purpose of this volume of this report is to provide an overview of the reactor critical analyses that are described in detail in the subsequent volumes of this report. The ensuing sections of this volume will perform the following functions: (1) describe the methodology employed in reactor critical analyses for the reactor cores detailed in subsequent volumes, (2) summarize and compare the differences between reactor configurations and the results of the critical calculations for these configurations, (3) discuss sensitivity and convergence tests performed, (4) compare results to those obtained for benchmarks against LWR-type critical experiments, and (5) compare results to those of earlier scoping reactor critical analyses. 
OVERVIEW OF THE REACTOR CRITICAL METHODOLOGY
The impetus for the analysis of reactor critical configurations is to validate a methodology similar to that used by a cask designer performing criticality analysis for spent fuel assemblies. To this end, a straightforward calculational strategy has been established that minimizes the data required to characterize the spent fuel. The remainder of this section provides a generalized description of the procedure applied in the analysis of three different reactor cores: Tennessee Valley Authority's Sequoyah Unit 2 (Cycle 3), Virginia Power's Surry Unit 1 (Cycle 2), GPU Nuclear Corporation's Three Mile Island Unit 1 (Cycle 5), and Virginia Power's North Anna Unit 1 (Cycle 5). The core designs of each of these three systems have peculiarities that must be accounted for in individual computational models. These aspects of the calculations are addressed in the detailed description of the individual calculations given in Vols. 2 through 5 of this report. The following description provides an overview of the shared features of the set of reactor critical calculations, without addressing the specifics of individual reactor designs.
The methodology applied in reactor critical analyses can be broken into five steps: (1) grouping of fuel assemblies into similar-content groups and similar-burnup subgroups; (2) calculation of burnup-dependent isotopics for each group; (3) interpolation of decay calculations from results of the previous step to obtain both individual assembly and subgroup isotopics; (4) cross-section processing based on subgroup isotopics; and (5) preparation of a KENO V.a model based on the actual core geometry, individual assembly isotopics, and subgroup-evaluated cross sections. The model developed in step 5 is used to calculate the effective multiplication factor, k , for the reactor.
eff Figure 1 provides a graphical overview of these steps, showing the relationships between the data and codes used in each stage of the calculation. The first step shown in the figure represents the process of collecting assembly information from reactor documentation. Eighth-core symmetry is assumed to reduce the number of unique assembly models, such that the burnup of each assembly in an eighth-core segment represents the average burnup of all assemblies located in the corresponding symmetric position across the core. Using the reactor information, $groups# of assemblies are identified that are of cognate background (i.e., same initial loading and burn cycles). These assembly groups are then further categorized into $subgroups# consisting of assemblies within a group with similar (±2 GWd/MTU) burnups.
The second step shown in the figure involves the calculation of isotopic contents using the decay and depletion steps of the SAS2H calculational sequence of SCALE. Calculations are performed for each assembly group based on the initial fresh fuel content and operating history of the group. Output consists of calculated isotopic contents for each of a number of user-specified time steps.
In step 3, the SNIKR code package (not a part of the SCALE system) is used to interpolate between isotopics for appropriate time steps to obtain the assembly-specific isotopic contents for each assembly to be used in the KENO V.a core model. (SNIKR is a simple tool used to automate the task of extracting, interpolating, and formatting data; however, this process can be performed manually.) SNIKR is also used to calculate the isotopics for the average burnup of each assembly subgroup. Fig. 1 . Overview of the reactor critical calculation procedure. 5 The results of step 3 are used in step 4 to create fuel pin models based on the average composition of an assembly subgroup; the CSASN sequence in SCALE is then used to calculate the problem-dependent, group-weighted cross sections for each subgroup. The SCALE module WAX is then used to combine all subgroup-based cross sections into a single working library, where crosssection identifiers are assigned such that each numeric identifier indicates both a specific isotope and the subgroup upon which it was based.
Finally, in step 5 a KENO V.a model is created based on the core geometry, again assuming eighth-core symmetry. Thus, while a full-core model is prepared, each eighth-core segment of the core is identical in composition to the other eighth-core segments. (A full-core model in KENO V.a is more computationally efficient than an eighth-core model with reflective boundary conditions.) Fuel assemblies are assumed to be uniform in composition (all fuel pins are comprised of the same material), and isotopics are obtained from the burnup-specific results obtained in step 3. Assembly isotopes are assigned cross-section identifiers corresponding to the appropriate subgroup-based cross sections derived in step 4. Remaining core information is obtained from the reactor documentation. Calculations are then performed to determine the value of k for the reactor model and to verify that eff the solution has converged.
The specifics of each of the steps described above are discussed in detail in each of the following sections.
FUEL ASSEMBLY GROUPS
Since many assemblies in a reactor begin with identical initial compositions and experience simultaneous operating histories, these similar fuel assemblies can be collected effectively into groups, with one depletion calculation performed for each group. It is assumed that at a given burnup, all assemblies within a group have the same isotopic content. If the isotopic content of a group is known as a function of burnup, then one can interpolate to obtain the specific isotopics for a given assembly burnup. This interpolation is discussed further in Sect. 2.3.
A minimum granularity for grouping is to collect fuel assemblies by reactor fuel batch. In the nomenclature generally applied by commercial PWR core designers, a fuel batch is typically comprised of a single enrichment fuel, all loaded at the same time, and all residing in-core for the same fuel cycles. Three fuel batches (i.e., enrichments) are usually present in the first operating cycle of a reactor. These batches are typically designated by the numbers 1, 2, and 3. Prior to each subsequent cycle of operation, one new batch of fuel is usually added and some of the depleted fuel assemblies are removed. Each new batch of fuel is assigned a unique identification number. If the new fuel assemblies to be loaded consist of more than one enrichment, they may be assigned as a $split batch,# using the same number with a different letter appended to each enrichment (e.g., batches 4A and 4B could represent two different fuel enrichments loaded in a single cycle). Hence a given batch of assemblies has experienced identical operating periods, downtimes, and roughly the same power history, and thus meets the minimum requirements for a calculational fuel group. However, within a given fuel batch, additional fuel groups (i.e., separate depletion calculations) may be required when absorber materials [e.g., burnable poison rods (BPR) or control rods (CR)] are present in certain assemblies within the fuel batch or when core location is important. 6 As discussed earlier, it is possible to interpolate between a series of burnups within a given fuel group to determine the isotopic concentrations corresponding to a specific burnup. This interpolation procedure can be used to estimate the isotopic contents of each individual assembly in a fuel group. Based on these assembly isotopics, it is possible to generate a content-specific crosssection set for each assembly. However, since nuclide cross sections vary slowly with burnup, the analysis methodology can be simplified by preparing problem-dependent cross sections for a set of similar assemblies with similar burnups. Unfortunately, due to specific power variations related to the assembly locations in the core, it is possible to have a relatively wide range of burnups within a single fuel group. Thus, it may be necessary to divide fuel groups into subgroups based on burnup such that all assemblies included in a subgroup are within a limited burnup range; the number of subgroups will depend on the range of burnups contained in the fuel group. Calculations reported in Vols. 2 and 3 of this report indicate that fuel subgroups with burnup ranges of no more than 2 GWd/MTU can be adequately represented using cross sections generated based on the mean burnup of the subgroup's constituent assemblies.
DEPLETION CALCULATIONS
Depletion calculations are performed using the SAS2H sequence of the SCALE-4 code system and the 27-group burnup library. The SAS2H sequence invokes the ORIGEN-S code to 9 perform depletion and decay calculations. The SAS2H procedure also uses BONAMI and 10 NITAWL-II for resonance processing followed by a 1-D two-part XSDRNPM spectrum calculation 11 (part 1 is a pin-cell model; part 2 is an assembly model) at selected times in the irradiation history to generate burnup-dependent cross sections based on the given design and operating parameters. At the end of each burnup step, cross sections for default and any user-specified isotopes are recomputed using XSDRNPM based on the new isotopic composition. This process is illustrated in Fig. 2 . The purpose of these calculations is to predict the isotopic content of each fuel group as a function of its operating history. If one or more fuel groups are comprised of fresh fuel at the time of the critical measurements, SAS2H calculations are not necessary for those groups; the isotopic content is based on that of the fresh fuel specifications.
Although it is important to model the presence of absorber rods [i.e., BPRs or CRs, (if present) for the cycle for which a criticality calculation is to be performed], experience has shown that the effect of such rods is diluted by later burn cycles with no absorber rods present. Thus, it is not necessary to model the history of the assembly with respect to the insertion and removal of absorber rods in earlier reactor cycles. The approach used in modeling absorber rods present in the current cycle will depend on the rod type and will vary between reactor designs. Further discussion of the treatment of such rods is included in each of the subsequent reactor-specific volumes of this report.
Since within a fuel group it is assumed that isotopic content is a function only of burnup, it is possible to calculate the content of the fuel at a given burnup by interpolation between SAS2H/ORIGEN-S isotopics provided at each burnup step. The manner of interpolation is discussed in the following subsection. SAS2H provides the capability to obtain the isotopic composition of a fuel assembly at specified burnup intervals given the initial composition of the fuel, clad, and moderator, design parameters of the fuel rod and lattice, and power history. To provide sufficient points for interpolation, the burnup history was divided into equal intervals of no more than 5 GWd/MTU. (This should not be confused with the 2-GWd/MTU interval used to establish assembly subgroups. The 5-GWd/MTU interval represents an interpolation range over which isotopic concentrations are assumed to vary smoothly.) The fuel groups are depleted at least 1.2 times the maximum burnup (B ) of the fuel group. Note that it is generally sufficient to calculate burnups out max to the maximum burnup in a group, as this will bound all burnups in the group. A value of 1.2*B max was used to allow the capability of modeling axial burnup variations where volume-averaged center region burnups may be up to 1.2 times larger than the assembly average. However, axial burnup variations are not included in the models presented in this report.
To make it possible to interpolate between burnup steps and account for downtime between cycles, a simplification is made in the burnup model. Since the burnup actually accumulated during each cycle varies for each fuel assembly in a group, a portion of the downtime was applied at the end of each burnup interval. This practice ensures that the spent fuel isotopics for all fuel assemblies contain the impact of the reactor cycle downtime when interpolation on burnup is performed. The ratio of uptime to downtime for each operating cycle is used to determine the downtime for each burnup interval. Average values for specific power are computed from the fuel group average burnups and the total uptime for the cycle. Isotopics for assembly-specific burnups may then be obtained via interpolation between calculated isotopics at the end of each burnup interval. This approach is illustrated in Fig. 3 . The top portion of the figure shows the $actual# burnup histories for two hypothetical assemblies in a fuel group. Note that in this example the number of cycles and downtimes are the same, but that burnup in each assembly is different within each cycle. The lower portion of the figure demonstrates how the burnup of each assembly is represented in a SAS2H depletion, using a single calculation to represent the entire fuel group. Each cycle is broken down into multiple burnup intervals, each followed by a downtime (for the first two cycles). The final cycle is calculated with a sufficient number of burnup intervals to exceed the maximum burnup (31 MWd/MTU in Assembly A of Fig. 2 ) by 20%. The isotopics are then available at fixed time intervals, from which interpolation can be performed for assembly-specific burnups. Note that the burnup in each of the first two cycles is selected so as to represent average cycle burnups for the group. Any downtime between the end of the final burn cycle in the SAS2H model and the time of the subsequent reactor critical was not included in the SAS2H depletion, but it was explicitly modeled as described in Sect. 2.3.
As discussed earlier, group-weighted cross sections are calculated as a function of burnup within the SAS2H sequence using flux weighting performed by XSDRNPM for each specified burnup step. Cross sections are updated for a default set of isotopes built into the SAS2H sequence, plus any additional nuclides specified by the user. Table 1 shows the default set plus 44 additional actinides and fission products specified for reactor depletion cases. Also included is oxygen, which is present in significant quantities in UO fuel. These nuclides represent a combination of the most Any additional cross sections required for depletion calculations are obtained from the more than 1000 nuclides available within the ORIGEN-S one-group LWR library and are adjusted with burnup using the ORIGEN-S spectral parameters (THERM, RES, and FAST) using fluxes 15 calculated by XSDRNPM. The ORIGEN-S one-group LWR library available in SCALE-4 has been updated to use cross sections from the SCALE-4 27-group burnup library for all 193 nuclides in that library, by extracting one-group cross sections from the output of a low-burnup, LWR-type fuel model using all burnup library nuclides as input.
Note that ORIGEN-S tracks all decay chains, and does not account for the loss of volatile isotopes; however, this is not felt to have a significant effect on isotopic calculations.
BURNUP-DEPENDENT NUCLIDE CONCENTRATIONS
As has been indicated in previous sections, the isotopic content at the end of the final burn cycle may be determined for each assembly or fuel subgroup by interpolating between burnups for which SAS2H/ORIGEN-S depletion calculations have been performed, based on the final burnup of the fuel. For a criticality condition obtained after the shutdown of the last cycle, it is necessary to perform decay calculations to account for the change in composition due to radioactive decay during the downtime prior to criticality.
The actual number densities used in the criticality calculations are derived from the SAS2H calculation for a given fuel batch using a newly developed interface module, SAS2H Nuclide Inventories for KENO Runs (SNIKR). (See Appendix C of Volumes 2, 3, and 5 and Appendix B of Vol. 4.) This module was developed to (1) automate the process of interpolation of number densities from a SAS2H calculation as a function of burnup, (2) perform the necessary decay calculations to model cooling time for use in spent fuel critical calculations, and (3) print isotopic densities formatted in the form required for use in KENO V.a or CSAS calculations. Typically, the term $SNIKR# is used to refer to this three-step sequence of calculations; however, the package actually consists of two codes, SNIKR1 and SNIKR3, plus a driver script to execute the codes SNIKR1, ORIGEN-S, and SNIKR3 in sequence.
In the first phase of a SNIKR calculation, burnup-dependent nuclide inventories are read from a dataset produced from a SAS2H calculation. SNIKR1 uses a Lagrangian interpolation scheme to calculate nuclide concentrations for a specified burnup, where a polynomial of degree one less than the number of data points to be fit is used to represent the number density for each nuclide as a function of burnup. In the development of SNIKR, comparisons were made against results using nuclide concentrations calculated directly from SAS2H for a specified burnup to examine the effect of the interpolation procedure on pin-cell k (i.e., 1-D infinite-lattice calculation) values. The results 4 of these comparisons indicated agreement to within 0.1% )k in the k values calculated using 4 isotopics derived from the two methods. 16 Upon completing interpolation, SNIKR1 sets up the input needed to decay these burnupspecific isotopics to the requested cooling time using the ORIGEN-S point-depletion code. The second phase of SNIKR executes the ORIGEN-S module in the SCALE code system. Phase three of SNIKR reads the number densities produced by ORIGEN-S for the requested cooling time and extracts the nuclides to be used in the depleted fuel for the burnup credit criticality analysis. Number densities for these nuclides are then written to output files in the SCALE standard composition input format and the KENO V.a mixing table data format for use in CSAS and KENO V.a calculations, respectively.
SNIKR extracts concentrations for the set of nuclides specified by the user. The set of nuclides selected for the reactor critical benchmark calculations consists of the 48 nuclides listed in Table 2 . These nuclides are a subset of those in Table 1 , with the exception of Ru, I, Nd, and 103 135 148
Pm. The cross sections of these four nuclides are small enough or change slowly enough with 149 burnup that omitting them from the cross-section update in SAS2H has a negligible effect and are therefore not needed in the SAS2H calculation. In addition to the 25 nuclides selected for use in the burnup credit analysis in ref. 4 , the list in Table 2 includes the other nuclides included in an earlier burnup credit feasibility study together with nuclides modeled explicitly in the burnup credit work 1 of refs. 13 and 14.
SUBGROUP CROSS-SECTION PROCESSING
The CSASN sequence of the SCALE system is used to compute problem-dependent fuel pin 6 cross sections based on the isotopic content and geometry of a lattice fuel cell. Based on a 1-D fuel pin model, CSASN invokes BONAMI-S to perform resonance shielding calculations using 10 Bondarenko factors, followed by NITAWL-II calculations to perform resolved resonance range 11 cross-section processing using the Nordheim Integral Treatment. CSASN cross-section processing is applied only to subgroup-averaged nuclide concentrations. As discussed earlier in Sect. 2.1, effective cross sections are not strongly coupled to burnup; hence it is sufficient to compute cross sections for the average burnup of a fuel subgroup, provided the range of burnups in the subgroup is not too large (less than 2 GWd/MTU). Nuclide concentrations 12 for use in the CSASN calculation are provided in SCALE standard composition format in the output of the SNIKR subgroup calculations. Because fission-product nuclides represent only a small fraction of the total number density of the fuel, fission-product cross sections are relatively insensitive to changes in isotopic content and need only be calculated for one subgroup. This situation is also true of many fuel activation products and minor actinides; however, cross sections for seven actinides are assumed to have a more significant burnup dependence. These isotopes, referred to as the $seven burnup-sensitive actinides,# are U, U, U, U, Pu, Pu, and Pu. CSASN subgroup fuel pin models include the 234  235  236  238  239  240  241 appropriate SNIKR-computed concentrations for each of these isotopes; the remaining nuclides are included only in the highest burnup subgroup. The highest burnup is chosen because it should result in the lowest resonance absorption, and therefore a higher and more conservative value of k ; eff however, the effect is extremely small (<0.1% )k/k).
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Once cross sections are computed for each fuel subgroup, the SCALE utility module WAX 17 is used to combine all subgroup cross-section working libraries prepared via CSASN into a single working library for subsequent use by KENO V.a. All cross sections from the highest burnup subgroup (containing all fission and activation isotopes) are copied into the combined library. For each of the remaining subgroup cross-section libraries, only the seven burnup-dependent actinides are copied. In addition, for each of the seven burnup-dependent actinides in each subgroup, the crosssection ID number is modified by prefixing the subgroup number to the cross-section ID so that the KENO V.a core model can reference the appropriate cross section for each fuel subgroup. The cross sections with modified ID numbers are then copied into the combined library.
PREPARATION OF A KENO V.a CORE MODEL
All four reactor models included in this report can be reduced in complexity by taking advantage of the one-eighth core symmetry of assemblies. Thus, it is possible to build a full-core model using a relatively small number of unique assemblies. For each eighth-core assembly location, nuclide concentrations are obtained from assembly-specific SNIKR output in KENO V.a mixing table format; thus there are unique mixture data for each eighth-core assembly location in the model. Within each set of mixing table data, the nuclide ID number of each of the seven burnup-dependent actinides is prefixed by the cross-section set number which represents that assembly (this can be done automatically by SNIKR) so that the effective cross sections computed for the corresponding crosssection set are utilized. These cross sections are located in the working library, prepared as described in the previous subsection.
For each of the reactor models, a single fuel rod was defined for each assembly in the eighthcore representation. This rod definition was used for all fuel locations within the assembly; waterfilled guide tubes were placed in the remaining control rod and instrumentation locations. Each assembly was then placed in all symmetric locations in the full-core map; such reactor-specific placement is shown in each of the appropriate volumes. Radially, baffle, core barrel, and thermal shield components were placed outside the core configuration. Axially, top and bottom regions comprised of a uniform mixture of stainless steel and borated water (50/50, by weight) were placed at the top and bottom regions. Vacuum boundary conditions were assumed beyond the reactor vessel model.
Beyond the aspects described above, the geometry of a reactor core model is based on the technical specifications of the specific reactor for which critical calculations are being performed; hence the detailed mechanics of the geometry models are discussed in the subsequent volumes.
The following section (1) discusses the differences between the reactor critical configurations and the results computed for each configuration and (2) provides possible explanations for these differences. 14 
SUMMARY OF REACTOR CRITICAL CALCULATIONS
Subsequent volumes of this report describe criticality calculations performed for four reactor configurations: Volume 2 describes criticality calculations for the Tennessee Valley Authority's Sequoyah Unit 2 reactor for Cycle 3; Volume 3 documents the analysis of Virginia Power's Surry Unit 1 reactor for the Cycle 2 core; Volume 4 documents the calculations performed based on GPU Nuclear Corporation's Three Mile Island Unit 1 Cycle 5 core; and, lastly, Volume 5 describes calculations for Virginia Power's North Anna Unit 1 Cycle 5 core. Based on these cores, a total of seven reactor criticals were performed. This section will give an overview of all seven criticals by providing (1) a summary of the key features of each core design and the significant factors at the time of each critical measurement, (2) a description of key differences between the various reactor critical configurations, and (3) the results of criticality calculations for all cases. Table 3 lists the seven reactor critical configurations for which criticality calculations have been performed. The $designation# column lists the abbreviations that will be used in this and following sections to distinguish between the different reactor critical measurements. Unless specifically stated otherwise, the names Sequoyah, Surry, TMI, and North Anna refer to the unit and fuel cycle given in the table for each reactor. BOC cases were based on startup measurements performed at the start of the given fuel cycle. The single end-of-cycle (EOC) case is based on normal operating conditions measured at the end of the given fuel cycle. The middle-of-cycle (MOC) case is based on startup measurements performed for Sequoyah after an extended downtime during the fuel cycle. Hot, zero-power (HZP) cases were based on critical conditions established with very low core thermal output (i.e., hot conditions were established using pump heating only). Hot, full-power (HFP) cases were based on full-power operation in an equilibrium state. Table 4 lists some of the key physical aspects of each of the four core designs. Note that the Surry and TMI assembly designs are very similar in physical dimensions, with the exception that the Surry assembly design contains fewer fuel pins and more guide tubes than the TMI assembly, allowing slightly more moderation in the lattice when all other factors are equal. Furthermore, the TMI core is somewhat larger than the Surry core. The Sequoyah and North Anna assembly lattice designs are significantly different from Surry and TMI; even though they are roughly the same dimensions as those used in the other reactors, the fuel rod pitch and size are somewhat smaller to accommodate the increased number of fuel pins in the assembly. Hence, the neutron energy spectrum within both the Sequoyah and North Anna reactors, while remaining thermal, is likely to be slightly different than the energy spectra of the other reactors. Additionally, the Sequoyah core is larger than both the Surry and TMI cores, while the North Anna core is roughly the same size as the Surry core.
GLOBAL AND BURNUP-DEPENDENT CORE FEATURES
Each of the seven reactor critical scenarios represents a unique set of operating conditions, including factors such as burnup, power, xenon worth, soluble boron concentration, fraction of spent fuel, downtime prior to critical, and temperature conditions. These quantities are summarized in Tables 5 and 6 and demonstrate the range of conditions spanned by these calculations. 15 To validate the analysis methodology used here for general spent fuel applications, it is desirable to perform calculations for configurations that are close to those expected in AFR scenarios. Thus, the burnup, fraction of spent fuel, and downtime were important factors in the selection of these reactor configurations as proposed benchmarks for burnup credit applications. The Sequoyah benchmarks were selected primarily for the MOC core, which at the time of startup had experienced a 2.7-year downtime and consisted of a core completely comprised of burned fuel. The other two Sequoyah configurations were evaluated because the data were readily available as a test of consistency with the MOC case. The TMI benchmark was selected for similar reasons. The core consisted primarily of burned fuel, with all fresh fuel located at the core periphery, where its importance is diminished. Startup occurred after an especially long downtime of 6.6 years. The Surry and North Anna benchmarks, on the other hand, were performed as a comparison with earlier 17 scoping studies performed for these reactors. The configurations were selected in the earlier 8 analyses primarily because the reactor data and utility-generated isotopic data were readily available at that time, rather than for specific spent fuel characteristics.
In addition to the factors described earlier, reactivity control hardware varied between the four reactor designs. As Westinghouse designs, Sequoyah, Surry, and North Anna utilized similar burnable poison (BP) systems for control of excess reactivity, although the number, placement, and size of BPRs varied between the 15 × 15 and 17 × 17 assembly designs. The specifics of the individual BP systems and their treatment in criticality calculations are addressed in the Sequoyah, Surry, and North Anna volumes (2, 3, and 5, respectively) of this report. The TMI core did not use BPs during cycle 5; however, the core design did include partial length control rods, known as Axial Power Shaping Rods (APSRs), used for axial power shaping. The physical configuration and modeling treatment of the TMI APSR's are discussed in detail in Vol. 4.
KEY DIFFERENCES BETWEEN REACTOR CRITICAL CONFIGURATIONS
As has been discussed earlier, notable differences exist between the four reactor designs. These differences may introduce biases in criticality calculations due to modeling approximations or assumptions. Insufficient data exist to allow a statistical determination of any trends and biases in the various reactor critical results. However, it is important to recognize those conditions that might result in such differences because these items should be considered in additional reactor critical calculations, as well as in future uncertainty analyses. The remainder of this section discusses possible causes for differences between the reactor criticals. Some significant differences exist in the physical designs of the reactor cores. The Sequoyah, Surry, and North Anna designs employ BPRs for reactivity control; TMI, on the other hand, utilizes APSRs for axial power shaping. BPRs consist of borosilicate glass run virtually the full length of the active fuel core and are fixed in place; TMI's APSRs, on the other hand, are comprised of a 91.4-cm silver/cadmium/indium plug at the bottom of a water-filled tube, and are moved vertically during operation to optimize power shaping. Boron-based BPRs are primarily thermal absorbers, while AgCd-In rods are strong epithermal absorbers. Additionally, full-length BPR clusters are used in 44 assembly positions in Sequoyah, 28 Surry assemblies, and 68 North Anna assemblies, while partiallength APSR clusters are used only in 8 assemblies in the TMI core. Thus, the three BP-based cores would have a more globally distributed thermal flux depression, as opposed to the TMI core, which would experience more localized epithermal and thermal flux depressions. This difference may indicate that assemblies that contained APSRs in earlier cycles, in which the presence of APSRs was neglected, are not properly modeled in terms of isotopic composition. However, because the position of APSRs changes with time during an operational cycle, it is not possible to model such effects without going into detailed and cumbersome calculations. The end result shows that such effort is not warranted.
Another geometric difference between the reactor designs is the use of a 17 × 17 pin lattice in Sequoyah and North Anna as opposed to a 15 × 15 lattice in the other two core designs. The smaller diameter and pitch used in the 17 × 17 lattice result in a closer approximation to a homogeneous core than that represented by a 15 × 15 lattice, and self-shielding effects are reduced. Hence any bias in the numerical technique used in modeling self-shielding approaches could introduce discrepancies in the results. 18 The differences in lattice structures may be compounded to some extent by the different amount of U enrichment in the different assembly types. Direct comparison of a representative 235 enrichment is difficult: the TMI core was comprised of assemblies with initial enrichments of 2.64 and 2.85 wt %; Sequoyah contained assemblies of five different initial enrichments, ranging from 2.6 to 3.8 wt %; Surry contained four different enrichments, ranging from 1.86 to 3.33 wt %; and North Anna contained essentially three enrichments of 3.21 to 3.60 wt %. Some of these assemblies had burned multiple cycles, some only one cycle, and the remainder contained fresh fuel. However, assuming one can characterize the core enrichment by the average of the initial enrichments of each assembly in the core, then average core enrichments, in wt % U, are the following: Sequoyah, 3.4; 235 Surry, 2.6; TMI, 2.8; and North Anna, 3.5. Hence, Sequoyah and North Anna are likely to be more highly enriched cores than either of the other two systems.
Each of the reactor criticals contains some fraction of burned fuel, ranging from about 50% to 100% of all assemblies. Because of the neutron absorption in U followed by β decay, Pu is 238 239 present in all burned fuel assemblies; the fractional content will depend on the initial enrichment and assembly burnup. An energy-dependent bias in k is known to exist in the 27BURNUPLIB crosseff section library for systems containing plutonium. This bias is discussed further in the following 18, 19 section. The net effect of this bias will be an increased value of k for lower-energy (more eff thermalized) systems. Note that this plutonium bias is not limited to the 27BURNUPLIB; instead, it appears to be inherent in current plutonium cross-section data.
20,21
Finally, a source of error that is beyond the domain of the reactor critical models, but may be significant, is due to error in experimental measurements. Startup HZP criticals are generally tightly controlled and are associated with well-characterized measurements. Thus, experimental uncertainties are typically small for such critical cases. HFP conditions obtained at startup are similarly well controlled under startup procedures; however, uncertainties are introduced in temperature distributions across the core, since fuel and clad temperature distributions are not measured directly, and only bulk coolant temperatures are known. [Usually the effect of such uncertainty will be small, because cross sections will change little over the range of nominal temperature uncertainties. In addition, the effect of xenon and temperature feedback mechanisms are not included in the reactor models. This simplification tends to overpredict reactivity in the highpowered (most reactive) assemblies.] EOC conditions, on the other hand, generally are not as well characterized. This situation is the case for the Surry EF case, where soluble boron concentrations were estimated based on operational measurements. In general, spent fuel isotopics are notably different at EOC, because the reactor has operated at full-power equilibrium conditions for a long period prior to the critical configuration. Thus, there are short-lived fission products present that do not appear in configurations that have been subject to downtime prior to startup.
RESULTS OF CRITICALITY CALCULATIONS
The calculated value of k for each of the seven reactor critical configurations is given in eff Table 7 . Also given is the average energy group (AEG) in which fission occurs. The AEG can be used to assess the relative energy spectra for each critical configuration, but cannot be converted to determine the average energy for fission, because the relationship between average energy and average energy group is not linear. However, for reference, the energy boundary between groups 19 and 20 is 0.8 eV, and the energy boundary between groups 20 and 21 is 0.4 eV. The AEG results indicate that for these particular fuel cycles Surry represents the most thermal system, TMI is intermediate, and Sequoyah and North Anna have the highest average fission energy. Clearly, however, all systems are thermal, and are grouped relatively close together. Note that the four 17 × 17 assembly cores are all grouped together at an average energy corresponding to an AEG of about 20.4, whereas the three 15 × 15 assembly cores are grouped together at an AEG of roughly 20.9, as shown in Fig. 4 . Also note that for the Sequoyah and Surry cases, relatively little change is seen in AEG as a function of exposure (BOC, MOC, or EOC).
Values of k reported in Table 7 are specified to within 0.01%. Although this indicates greater eff precision than is reasonable for this type of calculation, the number of significant digits reported is consistent with the number of digits in the uncertainty terms. It was felt to be important to provide the level of uncertainty to demonstrate that the statistical deviation of the calculations had been minimized. All three Sequoyah criticals are grouped together and appear to be self-consistent, indicating that changes in isotopic concentrations between the three reactor states are reasonably well modeled. Overprediction of k may be due to inadequacies in the physical model (including fission products eff not modeled); however, other influences are possible. Surry BZ is in good agreement with the known critical condition, but like Sequoyah it overpredicts k slightly. On the other hand, Surry EF is eff substantially higher than other cases. This is possibly due to inadequate characterization of EOC conditions, which will be discussed later. The TMI BZ case appears somewhat low relative to the other cases. However, the TMI critical stands out from other cases due to its 6.6-year cooling time prior to restart. Because the fission product Eu decays to Gd with a 4.7-year half-life, significant 21 
CONVERGENCE AND SENSITIVITY TESTING
Beyond the calculations discussed in the previous section, additional calculations were performed in order to verify that the results obtained were adequately modeled and completely converged. The stochastic nature of the Monte Carlo methods in KENO V.a can be biased by various parameter specifications. For the reactor criticals, the two parameters that were felt to have the most potential for bias or error in the calculated value of k were the number of particle histories tracked eff and the neutron starting distribution. Additionally, the assumed order of scattering and the number of isotopes used were investigated to assess the sensitivity of the models to these parameters. The remainder of this section describes the findings of these studies.
The number of neutron histories considered is a key factor in the accuracy of any Monte Carlo simulation; an insufficient number of histories will result in an inadequate statistical basis for the prediction of k . However, because of the complexity and size of the reactor critical models eff described in this report, a statistically converged solution may not necessarily be representative of the reactor k . Even when sufficient histories have been completed to obtain an acceptably small eff statistical deviation, one must verify that all important regions of the reactor have been adequately sampled. Because of the random nature of the Monte Carlo technique, it is possible for a majority of sampling to occur in a subregion of the core; if this subregion is not representative of the core-wide behavior, an erroneous k will be reported, heavily weighted by the k of the dominant subregion.
eff eff
One approach to test for statistically uniform sampling is to rerun the same calculations using different starting (seed) random numbers. Valid starting numbers may be obtained from KENO V.a by selecting the $final# random number printed in the output of the previous calculation. For each of the seven reactor criticals, calculations were repeated using valid starting seeds. Results of these calculations are given in Table 8 . All calculations were repeated at least once; both Surry EF and TMI BZ were recalculated three times since the results of these cases seem the most inconsistent relative to the other five critical calculations. The ∆k column of Table 9 shows the difference between the nominal value of k computed here relative to the result reported in Table 7. eff Thus, these calculations were found to be consistent with the results of the original base cases within statistical uncertainty bounds. Hence, all values of k are considered to be spatially converged. eff The second issue, the neutron starting distribution, also relates to the size of the reactor models. The neutron starting distribution represents the initial guess of the spatial distribution of fission density when starting a generation of neutrons. Although the burnup-dependent isotopic concentrations were assumed uniform along the length of the fuel, the shape of the fission distribution driven by fresh fuel will be nonuniform and will be roughly the shape of a cosine (albeit somewhat flattened). The default starting distribution, used in all of the reactor critical calculations, is a spatially uniform distribution in all fissile material. If the starting distribution is a poor approximation to reality and insufficient generations are used, the solution will be biased by the starting distribution. Because of the length of the fuel rods (~366 cm) and the fact that the end regions of a fuel rod may contribute relatively little to the total number of fissions occurring in the rod, it was considered possible that the rod ends were inappropriately weighted when using the default starting profile. To test the effect of the starting distribution on the reactor critical solutions, all cases were rerun with two distinctly different initial starting distributions: an axial cosine shape and a uniform distribution located only in the bottom 10 cm of the fuel. Results of these calculations are given in Table 9 . As in Table 8,   22 Table 7 . Again, all results were found to be consistent with the results of the original base cases within statistical uncertainties. This implies the solution is insensitive to the starting distribution. Some of the critical calculations in this study were originally run based on default secondorder (P ) scattering cross sections. This approximation was considered sufficient for reactor 1 calculations because fluxes should remain isotropic through most of the core, except near the periphery, which contributes little to the net value of k . To test this hypothesis, and to verify that eff no numerically induced bias resulted from the use of higher order scattering, calculations were rerun using fourth-order (P ) scattering cross sections. No significant change in k was noted as a result 3 eff of this change. All results reported in Table 7 were based on fourth-order scattering. Finally, a study was performed to assess the relative worth of the nuclides included and neglected in the reactor critical models. As discussed earlier, 48 nuclides were included in all reactor critical calculations. These nuclides are listed in Table 2 and are believed to be the 48 most important nuclides for spent fuel criticality calculations in terms of their effect on k . Calculations were eff repeated using (1) the 25 nuclides recommended for burnup credit applications (listed in Table 2 )k at HZP conditions to 4 to 5% )k for HFP. The difference between the two states results from the fact that Xe is not included among the burnup credit nuclides because it decays rapidly after 135 shutdown; Table 12 shows that the Xe worth under HFP conditions is in the 2.5 to 3% )k range. 135 Xe burns in rapidly under full-power conditions, but does not accumulate under HZP startup 135 conditions.
Based on the Surry and TMI 193-nuclide calculations (with 145 additional nuclides), results indicate that the 48 nuclides included in the reactor critical calculations adequately represent the worth of all nuclides present (i.e., the worth of the remaining nuclides is small). For Surry EF and TMI BZ, the worth of the additional 145 nuclides is less than 0.5%. The 1.1% )k worth of the additional 145 isotopes for the Surry BZ case is likely to result from short-lived decay products not included in the 48-isotope set; such nuclides would have been burned out in the Surry EF case, and would have decayed away prior to the TMI BZ startup. Table 12 also shows the estimated worth of the burnup credit fission products (fission-product subset of the 25 burnup credit nuclides listed in Table 2 ) plus Am and the estimated worth of the remaining fission products plus all other Isotopes are specified in Table 2 . 
COMPARISON WITH CALCULATIONS OF LWR-TYPE CRITICAL EXPERIMENTS
Calculations have been performed based on LWR-type fuel experimental measurements using the same 27BURNUPLIB cross-section library used in the reactor critical calculations. These 19 experiments, used as the basis for cross-section validation studies, were selected as representative of $typical# low-enrichment UO LWR assemblies. The selections contain enrichments ranging from Based on the comparison to MOX criticals shown in Fig. 5 , it would appear that Surry BZ and TMI BZ are most consistent with the experimental measurements, and that only the Surry EF case would be considered as an outlying result. Sequoyah results are self-consistent and are relatively close to the results of the experimental cases, as is the North Anna result. Note that the Surry BZ case is closest to the fit to the zero-power MOX criticals, and that all full-power cases (Sequoyah BF, Sequoyah MF, and Surry EF) are more removed from the data. This trend indicates that perhaps aspects of full-power operation (e.g., nuclides present, temperature effects, axial power distributions, xenon distributions, etc.) are not being well represented in the KENO V.a models.
The error bars shown in Figs. 5 and 6 indicate the statistical uncertainty of the value of k eff based on the number of histories run. Uncertainties in the calculated value of the AEG are also present, but these uncertainties are significantly smaller and are much less than the size of the plotting symbols used in the figure. The plotted uncertainties do not include assessment of other modelling uncertainties or biases, so that the total uncertainty associated with any point in the figure is doubtless larger than that shown in the figure. The treatment of such uncertainties is discussed further in the concluding section of this volume. 
COMPARISON WITH EARLIER REACTOR CRITICAL CALCULATIONS
The methodology described in this document has been developed to provide a straightforward, easily reproduced approach requiring only the basic assembly data that would typically be available to a cask designer for use in the design of a burnup credit cask. However, as mentioned earlier, preliminary scoping calculations were performed in an initial investigative study to determine the key aspects of isotopic calculations in reactor environments. Because the results 8 of the earlier work have been previously published, it was felt necessary to include a comparison of the earlier results to those obtained using this approach, and to discuss the differences between the two sets of results.
The earlier analysis method involved a complex isotopic calculational procedure in an attempt to match the isotopic results obtained using detailed 3-D reactor physics calculations performed by Virginia Power for the Surry Unit 1 Cycle 2 core. Results from these calculations are reported in ref. 8 and are summarized in Tables 13 and 14 . Each of the KENO V.a calculations was based on 500 neutrons per generation and a total of 60,000 neutron histories. Table 13 shows the difference between the nominal value of k computed in the preliminary study and the current results eff using the recommended methods reported here. However, the earlier methodology used all 193 nuclides in the 27BURNUPLIB cross-section library. Thus, Table 14 shows the difference between the scoping result and that obtained using the revised methodology keeping all 193 nuclides (as given in Table 11 ).
Relative to the reactor critical results presented based on the current methodology, the scoping results are from 1.5 to 2.5% low for SAS2H/ORIGEN-S isotopics based on 48 nuclides, but are on the order of 1.0 to 1.5% low compared with 193 nuclide isotopics. These differences are felt to be caused by several factors, including fewer fuel groups; fewer neutrons per generation and fewer histories; and the use of a complex interface program to prepare the nuclear data. However, these results show the same trends observed for the reactor critical results of Table 7 (i.e., Surry EF results are higher than those obtained for the other configurations).
It is important to emphasize that the earlier work was investigative in nature and performed to help develop the approach used in the current methodology. Because of the complexity of the earlier work, the results reported for that study are not easily reproducible, and therefore have not been investigated further to determine the exact areas of deficiency. 
CONCLUSIONS
This volume (1) provides an overview of the methodology applied in the criticality calculations performed based on reactor critical data, (2) summarizes and compares the differences between reactor configurations and the results of the critical calculations for these configurations, (3) discusses sensitivity and convergence testing, and (4) compares reactor critical results to those obtained for results obtained for similar composition LWR-type critical experiments. Clearly, as evidenced by the results presented in Table 7 , the seven reactor critical calculations demonstrate the ability to predict a k very close to the known value of 1.0, based on relatively little detail of the core eff operation. Such limited information is expected to be the class of data available when performing burnup credit calculations in cask design. Thus, the methodology described herein is appropriate for use in burnup credit analyses related to spent fuel applications. However, in applying this methodology, one must be aware of uncertainties and biases present in such an analysis and the limitations of the methodology relative to these sources of error.
It is neither desired nor desirable to base spent fuel calculations on the unique operating history of each fuel pin in each assembly in a core. Hence, it is necessary to make assumptions as to what approximations are suitable in representing the composition of a spent fuel assembly from a reactor core. The methodology described in Sect. 2 of this report provides a procedure for approximating the composition of a core; additional details related to the specific designs included in this report are given in Sect. 2 of each of the reactor-specific volumes, Vols. 2 through 5. The assumptions inherent in these procedures include the following: resonance processing of cross sections to account for lattice effects (heterogeneity) is relatively insensitive over small burnup ranges (<2 GWd/MTU), variations in isotopic concentrations within an assembly are not significant and can be represented by concentrations based on assembly-averaged burnup; isotopic concentrations for a given burnup can be approximated by interpolation between fixed burnup steps; one can neglect the effect of absorbing materials (i.e., CRs or BPRs) in a given assembly for cycles prior to the cycle in which critical conditions are measured; and axial temperature distributions in moderator are adequately represented by an average bulk coolant temperature for HFP conditions. Results indicate that the combined effect of these assumptions is conservative. All but the TMI BZ calculation give values of k greater than unity; the TMI BZ result is less than 1.0, perhaps due to overestimation of eff Gd inventories after the 6.6-year cooling time. Furthermore, recent validation work for LWR-type 155 critical experiments indicates that the use of more recent ENDF/B-V cross sections in a 44-group 21 library developed for LWR applications will result in an increase in the value of k by roughly 0.005. 
